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I N T R O D U C T I O N
In the natural environment, we segregate multiple sounds coming from different sources based on their acoustic features. Stream segregation is referred to as a phenomenon in which interleaved sound sequences are perceptually separated based on differences in their characteristics (Bregman 1990) . A number of psychophysical (e.g., Hartmann and Johnson 1991; Rose and Moore 2000; van Noorden 1975) and physiological studies (e.g., Klump 2004, 2005; Fishman et al. 2001 Fishman et al. , 2004 Micheyl et al. 2005; Pressnitzer et al. 2008 ) have focused on spectral frequency differences between sounds as the cue leading to stream segregation. It was observed that stream segregation increased with increasing frequency difference between tones, and their representation in separate peripheral channels has been used to explain the results (Hartmann and Johnson 1991) .
Contrary to predictions by the peripheral channeling hypothesis (Hartmann and Johnson 1991) , sequences of complex sounds that excite the same peripheral auditory filters but differ in temporal structure also can be perceptually segregated in streams (e.g., Gutschalk et al. 2007; Vliegen and Oxenham 1999) . While the physiological basis of stream segregation by spectral frequency has been well studied, we know very little about the physiological basis of stream segregation by temporal features of sounds (Gutschalk et al. 2007; Itatani and Klump 2009 ).
Here we investigate the physiology of auditory stream segregation differing only in temporal features. Roberts et al. (2002) developed a streaming paradigm using harmonic complex tones with different phase relations providing only such differences. Studying human perception psychophysically, they observed that complex tones with a random or alternating phase relation between components were perceptually segregated from complex tones with all harmonics in cosine phase. The random and cosine phase stimuli were segregated better than the alternating and cosine phase stimuli. Furthermore, stream segregation was well developed for complex tones with only harmonics Ͼ2.5 kHz and much less developed if only components Ͻ2.5 kHz were presented.
The European starling is a proven animal model perceiving streaming stimuli in a similar way as humans (MacDougallShackleton et al. 1998; van Noorden 1975) and suitable for elucidating the neuronal mechanisms underlying stream segregation Klump 2004, 2005; Itatani and Klump 2009 ). Therefore we predict that neurons in the starling's auditory forebrain show response differences to complex tones with differing phase relation between harmonics that correlate with stream segregation by phase cues in human perception. Specifically, we tested whether congruent with human psychophysics there is a larger difference between neuronal responses to random phase and cosine phase stimuli than between responses to alternating phase and cosine phase stimuli in the starling. Furthermore, we predict that analogous to human psychophysics neurons tuned to low frequencies show smaller differences between the responses to complex tones with different phase relations than neurons tuned to high frequencies. Finally, our neurophysiological study will demonstrate whether temporal response patterns or rate responses provide a better correlate for auditory streaming by temporal cues.
M E T H O D S

Subjects and surgical procedures
Five wild-caught adult European starlings (Sturnus vulgaris, 1 male, 4 females) were used for the physiological recording. The care and treatment of the animals were in accordance with the procedures of animal experimentation approved by Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit.
The details of the surgical procedures are described elsewhere (see Itatani and Klump 2009 ). Here we provide only a brief description of the surgical methods. All surgical procedures were performed using isoflurane anesthesia. A custom-built small microdrive with two tungsten microelectrodes (shank diameter: 75 m, Frederich Haer and Co., Bowdoinham, ME) and two custom-built Teflon-insulated platinum-iridium wire electrodes (wire diameter: 25 m, A-M Systems, Carlsborg, WA, with an etched tip) (see Hofer and Klump 2003) with impedances ranging from 0.6 to 7.6 M⍀ were mounted on the skull of the bird. The array of the four electrodes was implanted into the field L complex of the right forebrain hemisphere. A socket for mounting a small FM radio transmitter (FHC type 40-71-1, Frederick Haer and Co.) was attached to the skull next to the microdrive. Recording started after the animal had completely recovered from surgery and all surgical wounds had healed normally. Before starting the stimulus program for the experiment, the electrodes were positioned by adjusting the microdrive in the briefly restrained bird while stimulation with 200-ms pure tones in the frequency range from 0.1 to 6.4 kHz. Adjustment was completed if the sound-evoked multiunit activity had an RMS amplitude that was Ն1.4 times larger than that of the background activity.
Experimental setup and recording procedures
Recordings were performed using radio telemetry from the unrestrained and freely moving starlings not performing any task (i.e., passive recording) located in a test cage (56 ϫ 36 ϫ 33 cm, l ϫ w ϫ h) located inside a radio-shielded sound-insulated acoustic booth (IAC 402A, Industrial Acoustics, Niederkrüchten, Germany). For recording of the multiunit responses, one of the electrodes was connected to the socket and transmitter via an insulated wire. The multiunit signal transmitted by the small FM radio transmitter was received by a bipolar antenna placed around the test cage and was demodulated by an FM tuner (TX-970, Pioneer, Willich, Germany) located outside the booth. The amplified (40 -50 dB, custom-built amplifier) and bandpass filtered (500 -5,000 Hz) multiunit signal was A/D converted (16 bit, 44.1 kHz, Hammerfall DSP Multiface II, RME) and recorded onto disk by a Linux workstation (Optiplex 755, Dell, Frankfurt am Main, Germany) for later off-line analysis.
Stimuli
After the isolation of a recording site, the characteristic frequency (CF) of the recording site was audiovisually estimated by the responses to 200-ms pure tone stimuli (with cosine-gated ramp, 10 ms rise-fall time, 1 stimulus/s) ranging from 0.1 to 6.4 kHz. Then data for constructing the frequency tuning curve of the recording site were collected using similar pure tone stimuli with frequencies presented in 0.25 octave steps ranging from 1.5 octaves below to 1.5 octaves above the estimated CF. The stimulus level varied from 0 to 70 dB SPL in 10 dB steps. Each stimulus was repeated 20 times, and 20 responses were recorded. Spike rates were determined from the first 10 responses free of movement artifacts using a time window of the tone duration that was adjusted by the typical response latency for starling auditory forebrain neurons (14 ms). The mean spike rates were calculated in each stimulus condition and a tuning curve was constructed (see Itatani and Klump 2009) . From the tuning curve, the final CF of the recording site and the bandwidth of excitation at a sound level of 70 dB SPL were determined.
The purpose of the present study was to observe the neuronal representation of harmonic complexes with different phase relations which evoke the percept of stream segregation in humans (e.g., Roberts et al. 2002) . Therefore we presented the ABA-triplet stimuli applied in the previous studies (e.g., Roberts et al. 2002; van Noorden 1975) consisting of two types of harmonic complex tones presented in a specific temporal pattern. In the first and third A sounds of the triplet, all presented harmonics started in cosine phase, i.e., the starting phase of each component was set at 90°resulting in a peaky waveform. In the second B sound of the triplet, the harmonics had one of three types of phase relations: cosine (C-phase), alternating (Aphase), or random (R-phase). In cosine phase relation (Fig. 1) , the waveform had a repetition period corresponding to the fundamental (f0) of the sound. In the alternating phase relation, the starting phase was altered for each adjacent component and set either at 0 or 90°. The waveform of the resulting sound shows double peaks during each period of the fundamental evoking a pitch sensation of twice the f0. In the random phase condition, the phase of each component was randomized, and the waveform showed a more noise-like and less peaky waveform compared with those of other stimuli with different phase relations. Thus three types of stimulus sequences were presented composed of CCC-, CAC-, or CRC-phase triplets (the dash representing a silent interval of the same duration as the interval from the beginning of the 1st complex tone in the triplet to the next). The duration of each harmonic complex in the triplet was 125 ms with cosine-gated Hanning ramps of 5 ms of rise-fall times. The time interval from the beginning of one harmonic complex to the next in the triplet was either the same as the tone duration (tone repetition time (TRT) 100%, i.e., tones were following each other in the triplet without a silent interval), or it was four times the tone duration (TRT 400%, i.e., tones within the triplet were separated by a silent interval of 375 ms). This resulted in triplet durations of 500 or 2,000 ms in the 100% TRT or 400% TRT conditions, respectively. The variation in TRT allows investigating the effect of forward masking by the preceding signal on the following signal and its effect on the response.
The f0 of the harmonic complexes in the triplet was 100, 200, or 400 Hz, and f0 of the first, second, and third sounds in the triplet stimuli was always identical so that effects of f0 on the response to successive sounds in the triplet were excluded. The frequency components of each sound were chosen so that each harmonic complex consisted of 13 harmonics for f0 ϭ 100 Hz stimuli (bandwidth ϭ 1.3 kHz), 7 harmonics for f0 ϭ 200 Hz stimuli (bandwidth ϭ 1.4 kHz), and 7 harmonics for f0 ϭ 400 Hz stimuli (bandwidth ϭ 2.8 kHz). The harmonic complexes were centered in frequency as close as possible to the CF of the recording site, i.e., the number of frequency components lower than the CF was similar to that higher than the CF. The number of frequency components lower than the CF was reduced if the CF was lower than half the bandwidth of the stimuli (f0 ϫ number FIG. 1. Example of stimulus waveform (top) and spike response from a recording site of the auditory forebrain of the European starling (bottom). The duration of each harmonic complex and the silent after the triplet was 125 ms, and no additional intertone interval occurred (TRT 100%). C, R, and -indicate cosine phase harmonic complex, random phase harmonic complex, and silent period, respectively. of components/2, this adjustment was made for 5 recording sites). The overall level of all stimuli was set at 70 dB SPL. Each triplet was repeatedly presented 30 times, and artifact-free responses to 20 repetitions were further analyzed. For C-and A-phase harmonic stimuli, the component phase of all signals within a triplet sequence (30 repetitions of a triplet) was fixed, i.e., triplets in all repetitions were identical. For R-phase harmonic stimulus, the component phase was randomized, i.e., the waveform of the second R-phase harmonic complex in the triplet changed in every presented triplet. Stimuli were presented from a loudspeaker (Type SP3253, KEF Audio, Maidstone, UK, level variation in the loudspeaker's transfer function was less than Ϯ3 dB over the range between 0.1 and 10 kHz) positioned ϳ70 cm above the bird's head, thus avoiding effects of head turns on the sound spectrum presented to the bird's ears. A C-phase sound with f0 of 100 Hz consisting of frequency components between 1 and 3 kHz was played in the booth to measure possible phase shifts of the components of the sound occurring in the free-field stimulation with a microphone (2238 Mediator, Brüel and Kjaer, Naerum, Denmark) at the location where the bird normally positions its head in the experiment. The phase shift of individual frequency components was on average Ͻ1.0°(maximum deviation: 2.3°), indicating that the phase relations in the electrical signals are preserved in the free field stimulation. We did not apply noise to mask possible distortion products. Because Kettembeil et al. (1995) found that distortion products have a level of Ͻ10 dB for a level of 70 dB of the primaries, we are confident that they are unlikely to affect our results.
Data analysis
Absolute mean firing rates were separately calculated from the spike responses to the first, second, and third sound (each time window was 125 ms, corrected for the average response latency of 14 ms) in the 20 repetitions of a triplet. Relative mean firing rates were calculated as follows. The mean firing rates in response to three C-phase harmonic complexes of CCC-triplets for the TRT of 400% at f0 ϭ 100 Hz were averaged and used as the reference rate. All the calculated absolute rates were normalized to the reference rate. Thus the change of the rate response in relation to TRT, f0, and phase is presented relative to the rate responses to C-phase harmonic stimulus obtained at the lowest f0 with a TRT of 400%.
To investigate the amount of temporal information preserved in the spike responses, all-order interspike interval (AOISI) histograms were constructed by evaluating the intervals between each evoked spike and all subsequent spikes within each 125 ms time window. The bin width of the AOISI histograms was set to 0.5 ms. If spikes are evoked at a constant interval, the resulting AOISI histogram shows peaks at the corresponding interval and its integer multiples. To quantify the magnitude of phase locking to the fundamental of incoming stimuli, the peakiness at the interval point corresponding to the f0 of the stimuli (1/f0) in the AOISI histogram was investigated. The peakiness was determined as the "peak-to-background ratio" (Cariani and Delgutte 1996a) , which is the ratio of the number of spike intervals at the 1/f0 point (numerator) to the mean number of spike intervals per bin within a window 1/f0 ms wide centered at the 1/f0 point (denominator). This measure has advantages for quantifying the temporal responses observed in the present study. First, unlike other temporal response measures such as vector strength, it is not affected by the phase randomization of R-phase harmonic stimulus introduced in every presentation. Furthermore because the peak-to-background ratio is expected to reflect the pitch salience (Cariani and Delgutte 1996a,b) , the neuronal representations of the salient differences in pitch, which may play a role for stream segregation in the harmonic complex triplet stimuli, can be well represented by this measure.
Because psychophysical experiments (e.g., Roberts et al. 2002 ) revealed that harmonic complex triplets evoked different amounts of stream segregation when their pass-band frequencies were varied, we classified recording sites according to the CF into three categories, which were labeled as Low CF (Յ1 kHz), Mid CF (1-3 kHz), and High CF (Ͼ3 kHz) recording sites. This categorization is justified also by the observation of Gleich and Narins (1988) that starling auditorynerve fibers show consistently high phase locking to tones between 0.2 and 1 kHz, a sharp reduction in phase locking between 1 and 3 kHz, and hardly any phase locking Ͼ3 kHz.
Experimental design and statistical analysis
The hypothesis that signals being perceptually segregated into two streams are represented by the response of separate populations of neurons predicts that the different recording sites should exhibit differential responses to the signals that are segregated. Therefore it is to be expected for a correlate of stream segregation that neurons respond differentially to the sounds in the triplet (sound number). The psychophysical studies on streaming of harmonic complex signals revealed an effect of component phase on the amount of stream segregation (Roberts et al. 2002) . Therefore we would expect that a neural correlate of this effect shows differential responses to harmonic complexes that differ in the phase relation between the components. How the phase relations are represented in the neural response may on the one hand depend on how many of them interact within a frequency channel of the auditory system that is broadened with increasing center frequency of the channel. Also the fundamental frequency f0 will determine how many components may interact within a frequency channel. Furthermore, how well the fine structure of the envelope of a sound can be represented in the time-coupled response of neurons may be related to f0 that determines the period of repeated temporal patterns. Phase effects should be especially prominent in the response to the second signal of the triplets because this is the only variable that is changed between the sequences with similar f0. Finally, suppression may increase the difference between the responses to sounds that are represented as different streams by different populations of neurons. Therefore we would expect an effect of the temporal separation of the consecutive sounds that is depicted by the effect of TRT on the response.
To evaluate the joint effects of the different factors on the rate response, we conducted a repeated-measures ANOVA (rmANOVA) with relative rate as the dependent variable, sound number, phase relation, f0, and TRT as the within subject factors and CF category as a between subject factor. The same factors were used for the statistical comparisons of the temporal response measure, which was the peakto-background ratio calculated from AOISI histograms of spike responses to each triplet stimulus. For a more sensitive analysis of the effects of phase relation, we analyzed the responses to only the second sound in the triplet in a separate rmANOVA that included all factors except sound number. The results of this analysis are presented as supplementary material.
1 All analyses were performed using SPSS 17.0. Mauchley's sphericity test was used in a prior analysis to inspect whether the sphericity assumption is violated. For repeated-measures analyses with more than a single numerator degree-of-freedom (df), P values using the Greenhouse and Geisser (1959) adjusted df was calculated for omnibus tests of within subjects factors that violated the sphericity assumption of rmANOVA. We also report the partial 2 as a measure of the effect size for all main effects and interactions. Partial 2 , which can vary from 0 to 1, is the proportion of the combined effect and error variance that is attributable to the effect, and thus represents a nonadditive "variance-accounted-for" measure of effect size.
To further evaluate the population response of the recording sites to the three stimuli with different phase relations, individual recording sites were classified into three categories by comparing the rate or temporal response to the second sound of C-phase harmonic stimuli with that to the second sound of A-phase and R-phase harmonic stimuli, and frequency distributions of the response categories (in-crease, decrease, or no change in the response measure) were calculated. The statistical significance of the change of the distributions of the response categories in relation to the phase relation between components, f0, TRT and the CF category was tested using generalized estimating equations (GEE, SPSS 17.0).
The criterion for statistical significance in all tests in the present study was ␣ ϭ 0.05.
R E S U L T S
We observed responses from 69 recording sites in the auditory forebrain of five European starlings. Figure 2 shows the relationships between the CF and bandwidth of the tuning curve at 70 dB SPL of each recording site. Generally, the excitatory bandwidth increased as the recording sites' CF increased. The range of the bandwidths in each category showed significant differences (t-test, all P Ͻ 0.03). The largest bandwidths were observed in recording sites of the High CF category (mean bandwidth: 2,018 Hz), followed by recording sites of the Mid CF category (mean bandwidth: 1,557 Hz) and recording sites of the Low CF category (mean bandwidth: 1,120 Hz). In the present study, 16 recording sites were categorized to the low CF category, 28 recording sites were in the mid CF category, and 25 recording sites were in the high CF category.
Rate response
A separate representation of sounds in segregated streams can be achieved if neurons differ in their rate response to the different sounds in the triplet. Table 1 shows the statistical effects of sound number, phase relation between the components of the second sound in the triplets, TRT, f0, and the CF category and their interactions on the relative response rates (Յ3-way interactions), depicting those differences in the response. A rmANOVA revealed significant main effects of all factors. The effect sizes were generally large with the exception of f0. The response to the second sound in the triplet that varied in phase relation was significantly larger than the responses to the first and third sounds in the triplet (t-test, P Ͻ 0.01). There was also a significant decrease of the response to the third sound compared with that to the first sound in the triplet, both of which had a C-phase relation between the harmonics (t-test, P Ͻ 0.001), indicating adaptation or suppression of the response (see also the results for a TRT of 100% in Fig. 3 ). In this analysis, R-phase harmonic stimuli resulted in the largest response, C-phase harmonic stimuli in the smallest response, and the response to A-phase harmonic stimuli was intermediate (Fig. 3 , all differences being significant, t-test, P Ͻ 0.001). Inspection of the response to the FIG. 2. The relationship between the characteristic frequency (CF) and the bandwidth at 70 dB SPL of the recording site (n ϭ 69). , an individual recording site; · · · , recording sites separated into the 3 different CF categories (low, mid, and high) used in the analysis. Results of repeated measures ANOVA (rmANOVA) comparing the effects of triplet position (sound number), phase of the second tone (phase), tone repetition time (TRT), f0 and characteristic frequency (CF) category on the normalized rate responses to each sound in the triplet stimuli. Bold numbers highlight the significant effects. second sound alone (see supplementary material) supports this notion. Responses were significantly reduced at the shorter TRT (100%). The response rate was significantly smaller for an f0 of 100 Hz compared with an f0 of 400 Hz (t-test, P Ͻ 0.001).
When the interactions between two factors were investigated, sound number had significant interactions with the other four factors reflecting that the second sound in the triplet was varied in phase in relation compared with that of the first and third sounds in the triplet (see also Fig. 3 ). Phase and f0 also had a significant interaction indicating that the response rates were changed by different amounts in relation to phase for the different fundamentals (see also the examples of the responses of individual recording sites described in the following text). Subsequent tests of the differences in the relative rate response to the second sound in the triplet differing in phase revealed the following patterns. At an f0 of 100 Hz, all responses to the harmonic complexes differing in phase were significantly different (P Ͻ 0.002, the response to the R-phase harmonic stimulus was the largest followed in size by that of the A-and C-phase harmonic stimuli, the difference between A-and C-phase responses being smaller than the difference between R-and A-phase responses). At an f0 of 200 or 400 Hz, the relative rate response to the C-phase harmonic stimulus was significantly lower (P Ͻ 0.002) than that to A-and R-phase harmonic stimuli for which the response did not differ significantly. There was a significant interaction between CF category and f0 in the response to the second sound in the triplet that can be expected because at a higher CF, the excitatory bandwidth is increased; this will affect the number of components analyzed within a frequency channel.
As reported in the preceding text, the CF of recording sites affected the spike response patterns and hence the rate responses. Because psychophysical studies have demonstrated strong effects of the frequency range on the perception of phase relations between components of a harmonic complex (Roberts et al. 2002) , we would like to present the effects of CF on the response and its interaction with other factors in more detail (Fig. 4) . In general, recording sites of the Mid CF category showed significantly higher responses (t-test, P Ͻ 0.02) to the second sound of the triplet than those of the Low and High CF categories. The rate responses to all types of phase stimuli in the Low CF category were similar; no significant differences of relative rates to three different phase harmonic stimuli in the three different f0 conditions were observed. The Mid and High CF categories showed higher spike rates to the second sounds in CAC-and/or CRC-triplets compared with those to the second sound in CCC-triplets, indicating that neurons in these CF categories differentiate between harmonic complexes in which the phase relation between the components was varied. The amount of rate enhancement, however, was f0 dependent. Only a small difference in relative rate between responses differing in the phase relation was observed in these CF categories if f0 was high (400 Hz).
Many of the general patterns of responses reported in the preceding text can be found in the response of individual recording sites. Figure 5 represents spike responses to the nine different types of triplets (3 different phase relations and 3 different f0s) from a High CF recording site (CF ϭ 4.1 kHz, bandwidth ϭ 1.3 kHz). When the spike responses to the second sound in each stimulus condition were compared, A-and R-phase harmonic stimuli evoked significantly larger number of spikes compared with C-phase harmonic stimuli in the f0 ϭ 200 Hz and f0 ϭ 400 Hz conditions (t-test, P Ͻ 0.001). In the f0 ϭ 100 Hz conditions, only spike rate responses for R-phase harmonic stimuli were increased. Those increased responses were also larger compared with those to the first sound (Cphase) in the same triplets. When the responses to the third sound (C-phase) in each condition were compared, spike responses were decreased in the conditions in which the responses to the second sound were enhanced.
When the responses to the same stimuli in Low CF recording sites were observed, spikes were evoked maximally at the onset of the first sound of the triplet in all stimulus conditions, followed by the decrease of the number of evoked spikes. The rate responses to the second sound of the triplets were generally lower compared with those to the first C-phase harmonic complex irrespective of the phase of the second sound. Unlike in the High CF example in the preceding text, the response rates to A-and R-phase harmonic stimuli were not considerably increased.
We classified the individual recording sites according to the change of the spike rates of the second sound with A-or R-phase in relation to the spike rate elicited by a C-phase second sound (CA comparison or CR comparison; significant increase, decrease, or no significant change, Fig. 6 ). This classification was significantly affected by the CF category, phase relation, and f0 but not by TRT (all significant differences P Ͻ 0.001, main effects in generalized estimating equations procedure; GEE). There were significant interactions between the CF category and the phase relation (GEE, P Ͻ 0.002) and between the f0 and the phase relation (GEE, P Ͻ 0.001) affecting the classification of the responses. Both for the A-and R-phase harmonic stimuli, spike rates could be signif- icantly lower than for C-phase harmonic stimuli (12.2 and 8.1% of recording sites for A-and R-phase harmonic stimuli, respectively), significantly higher than for C-phase harmonic stimulus (43.1 and 55.6% of recording sites for A-and R-phase harmonic stimuli, respectively), or they remained unchanged (44.7 and 36.3% of recording sites for A-and R-phase harmonic stimuli, respectively).
When we analyzed the classification of recording sites (CA and CR comparisons summarized over both TRT conditions: increase, decrease, or no change of rates) in separately for the three different CF categories, the following patterns were observed. More than half of the Low CF recording sites (55.8%) showed no significant changes in rate to A-or R-phase harmonic stimuli compared with C-phase harmonic stimuli. In Mid and High CF recording sites, the fractions showing no change were 35.7 and 30.0%, respectively. On average, 29.2% of the Low CF recording sites showed an increase of the rate response, and the percentages of those recording sites were not significantly different in the different f0 and phase conditions. In Mid and High CF categories, the percentages of recording sites showing an increase were 56.3 and 62.7%, respectively (significant effects of f0 are described in the following text). Recording sites showing a decrease in CA or CR comparisons were also observed across all CF categories (in average, 15.1, 8.0, and 7.3% in Low, Mid, and High CF categories, respectively), indicating the existence of a phase selectivity that is not simply related to the level of peripheral excitation. The fraction of recording sites showing a decrease, however, was generally smaller than that showing an increase in CA or CR comparisons except one condition (see bars with * in Fig. 6 , indicating a significantly different proportion of recording sites responding with an increase vs. a decrease of the rate).
The effect of the phase relation of the stimuli on the patterns of the rate change (increase, decrease, and no change) was most prominent for an f0 of 100 Hz. In particular, the percentages of recording sites showing an increase in CA and CR comparisons averaged over different TRT conditions were largely different in the Mid CF category ( 2 test, P Ͻ 0.05, 39.3 and 80.4%) and High CF category ( 2 test, P Ͻ 0.05, 34.0 and 86.0%) compared with those in Low CF category ( 2 test, NS, 15.6 and 34.4%). The proportions of recording sites showing a decrease in CA and CR comparisons, however, were significantly different in the Low CF category in the f0 ϭ 100 Hz condition ( 2 test, P Ͻ 0.05, 46.9 and 15.6%). In the highest f0 conditions, the distributions of three patterns of responses observed in CA and CR comparisons were not significantly different in all three CF categories.
Temporal responses
Another possibility to differentiate between harmonic complex signals with different phase relation between the harmonics relates to the temporal pattern of the neuronal response. We investigated the temporal representation of harmonic complexes with different phase relationships by calculating the relative magnitude of the AOISI peak corresponding to the f0 of the harmonic complex signal normalized by the background of the ISI histogram, i.e., by calculating the peak-to-background ratio. Table 2 shows the dependence of the peak-to-background ratio on sound number, phase relation between components, TRT, f0 and the CF category and their interactions (Յ3-way interactions) evaluated in a rmANOVA. The significant main effects were the same as those observed in the rmANOVA of the relative rate responses to the same stimuli (see Figs. 3 and 7) . The effect sizes, however, were quite different with respect to some of the main effects. The effect size of sound number and phase on the peak-to-background ratio was reduced compared with those of the relative rate responses. The effect size of CF category and f0 on the peak-to-background ratio were considerably increased compared with those of the relative rate responses. The latter finding indicates that the temporal response of the neurons may be limited by the ability to represent the period corresponding to the fundamental of the complex. This is evident in Fig. 8 , which shows the smallest peak-tobackground ratio for an f0 of 400 Hz and the highest peak-tobackground ratio for an f0 of 100 Hz; for this fundamental, it strongly depended on the phase relation of the components of the complex (t-test, P Ͻ 0.01). Most interactions between two of the factors in the analysis were significant. However, twoway and higher interactions that included the phase relation between components as a factor generally had a low effect size ( 2 Յ0.05) with some exceptions. The two-way interactions of TRT and f0 and between CF category and f0 were significant in the temporal responses and had effect sizes above 0.1. None of the three-way interactions had an effect size above this value and most were not significant (none of the 4-way or higher interactions were significant).
In an analysis focusing on the responses to the second sound of the triplet, phase had a larger effect size than in the overall analysis that can easily be explained by the fact that the response to the first and third sounds in which the phase relation was always cosine phase was not included. The largest peak-to-background ratio was observed for the C-phase harmonic stimulus (significantly larger than the peak-to-background ratios for A-and R-phase harmonic stimuli; t-test, P Յ 0.001), the smallest for the R-phase harmonic stimulus, and the peak-to-background ratio for the A-phase harmonic stimulus was intermediate or similar to that of the R-phase harmonic stimulus (see Fig. 8 ). In the analysis of the temporal response, the effect size of phase relation was smaller than in the analysis of the relative rate response. Figure 9 shows the average peak-to-background ratio for the second tones of the CCC-, CAC-, or CRC-triplets with an f0 of 100, 200, and 400 Hz at TRT of 100% plotted separately for to three different CF categories. When the temporal responses to each triplet in f0 ϭ 100 Hz conditions were compared, the C-phase harmonic stimulus elicited the largest peak-to-background ratio, followed by A-and R-phase harmonic stimuli, in all CF categories. The differences of those values in low CF category, however, were not significant. This effect was more prominent in Mid and High CF recording sites, showing enhanced peak-to-background ratios to the C-phase harmonic stimulus compared with those to A-and R-phase harmonic stimuli (t-test, P Ͻ 0.05). The peak-to-background ratio decreased with increasing f0 (especially in the C-phase condition) indicating a less synchronized response at higher f0. The observation is consistent with previous observation of synchronization to high rates of amplitude and FM in this part of the starling forebrain (Knipschild et al. 1992) . The results further indicate that the temporal differences between three types of phase relation in the harmonic stimuli might be present mainly in Mid and High CF category sites. FIG. 6 . Frequency distribution of the types of individual recording sites that were classified according to the change of the rate response to the middle tone in the sequence (significance level P Ͻ 0.05, t-test). The shading of the section of the column indicates the occurrence and direction of the change (: increase compared with middle C-phase stimulus;
: decrease compared with middle C-phase stimulus; and □: no change). *, a significant deviation of increases and decreases of the response from a 1:1 ratio. Frequency distributions in each column are based on 16, 28 and 25 recording sites categorized as Low, Mid, or High CF, respectively. Figure 10 shows the temporal responses for an exemplary high CF recording site (CF ϭ 4.1 kHz, same recording site as in Fig. 5 ). AOISI histograms are presented separately for the different fundamentals and different types of triplets. Peak-tobackground ratios corresponding to f0 and 2f0, observed from the responses to each sound of the 9 different triplets (CCC-, CAC-, and CRC-with f0 of 100, 200, and 400 Hz), are also shown. Clear peaks at the period corresponding to f0 were observed in the AOISI histograms in response to each sound of all phase type triplets for f0 ϭ 100 Hz, these peaks were reduced for f0 ϭ 200 Hz and absent for f0 ϭ 400 Hz. When the peak-to-background ratios of responses elicited by the second sounds of CCC-, CAC-, and CRC-triplets were compared, C-phase harmonic stimuli evoked the largest peak-to-background ratio, followed by A-and R-phase harmonic stimuli. The peak-to-background ratio at the ISI corresponding to the period of f0 decreased with increasing f0. It should be noted that the responses to A-phase harmonic stimuli in the f0 ϭ 100 Results of rmANOVA comparing the effects of triplet position (sound number), phase of the second tone (Phase), tone repetition time (TRT), f0 and CF category on the peak-to-background ratios to the each sound in the triplet stimuli, calculated from all-order interspike interval peaks (AOISI) corresponding to f0 of the stimuli. Bold numbers highlight the significant effects. Hz condition showed a peak corresponding to 2f0, which was not prominent in the responses to C-and R-phase harmonic complexes (10 of 69 recording sites, for an example see Fig.  10 ). None of the conditions observed from Low CF recording sites showed prominent peaks corresponding to f0 or 2f0 and the peak-to-background ratios were mostly close to 1, indicating hardly any temporal representation of f0 or 2f0 by Low CF recording sites.
By comparing the responses to the second sound of C-phase harmonic stimuli to those to the second sounds of A-and R-phase harmonic stimuli (CA comparison and CR comparison), we classified the individual recording sites according to whether the peak-to-background ratio in the AOISI was increased by Ն10%, decreased by Ն10%, or showed a smaller change (Ͻ10%, Fig. 11 ). This classification was significantly affected by TRT (GEE, P Ͻ 0.001) and phase relation (GEE, P Ͻ 0.02) but not by CF category and f0. The fraction of recording sites showing no change in the response was higher for the larger TRT than for the smaller TRT, which potentially provides more suppression. There was a significant interaction between TRT and CF category (GEE, P Ͻ 0.02), affecting the classification of the responses. For both the A-and R-phase harmonic stimuli, peak-to-background ratios could be lower than for the C-phase harmonic stimulus (48.9 and 33.5% of recording sites for TRT of 100 and 400%, respectively), higher than for the C-phase harmonic stimulus (29.1 and 24.7% of recording sites for TRT of 100 and 400%, respectively), or they changed little (22.0 and 41.8% of recording sites for TRT of 100 and 400%, respectively).
When the TRT was 100%, the percentage of recording sites showing an increase of the peak-to-background ratio in the CA-comparison that was calculated from the responses averaged across f0 conditions (which had no effect) was similar to that in the CR-comparison ( 2 test, P Ͼ 0.05, 31.7 and 26.5%, respectively). The percentage of recording sites showing a decrease of the temporal response was also similar for the CA-comparison compared with that for the CR-comparison ( 2 test, P Ͼ 0.05, 46.7 and 51.1%, respectively). The pattern observed for the TRT ϭ 400% condition was similar in that the percentage of recording sites showing an increase in the CAcomparison and the CR-comparison ( 2 test, P Ͼ 0.05, 27.1 and 22.3%, respectively) as well as those showing a decrease ( 2 test, P Ͼ 0.05, 34.8, and 32.3%, respectively) did not differ. When the TRT was increased to 400%, however, a significantly larger percentage of recording sites showed no differences both in the CA-comparison and the CR-comparison compared with those at a TRT ϭ 100% ( 2 test, P Ͻ 0.05, 21.6 FIG. 10. Examples of temporal responses observed from a recording site classified as "High CF" (CF ϭ 4.1 kHz, the same recording site as that shown in Fig. 5 ). All-order interspike interval (AOISI) histograms calculated from the responses to 9 different types of stimuli (CCC-, CAC-, and CRC-with an f0 of 100, 200, and 400 Hz) are shown in the 1st, 2nd, and 3rd rows in top left, top right, and bottom left, respectively. The AOISI histograms to the 1st, 2nd, and 3rd sounds are shown in the 1st, 2nd, and 3rd columns in each panel, respectively. -, the interval corresponding to the fundamental of the stimuli; · · · , the interval to twice the fundamental. Bottom right: peak-to-background ratios in response to the 1st (C), 2nd (C, A, or R), and 3rd (C) sounds in the 9 different triplet conditions calculated from the f0 peaks (top) and 2f0 peaks (bottom) of AOISI histograms. Numbers in the labels of each condition represents fundamental of the stimuli. and 38.2% in CA changes and 22.4 and 45.4% in CR comparisons for TRT ϭ 100 and 400%, respectively).
In the majority of conditions, a decrease of the peak-tobackground ratio was more commonly found than an increase (Fig. 11, * indicates a significantly different proportion of sites responding with an increase vs. a decrease of the peak-tobackground ratio). This direction of the change is expected, since in the C-phase harmonic stimulus, the waveform of the stimulus is very peaky, whereas is has a smoother envelope in the R-phase harmonic stimulus (see also Fig. 1 ).
D I S C U S S I O N
Stream segregation has been observed psychophysically if successive sounds differ in salient cues (Moore and Gockel 2002) . These cues are not limited to spectral differences resulting in the excitation of separate frequency channels in the auditory periphery, and temporal features of the sounds alone can elicit the percept of segregated streams (e.g., Cusack and Roberts 1999; Grimault et al. 2002; Roberts et al. 2002; Vliegen and Oxenham 1999) . It has been suggested that sounds being perceptually segregated in separate streams elicit temporally incoherent neural activity in separate populations of neurons (Elhilali et al. 2009 ). Neurons providing a correlate of stream segregation should thus show a differential response to the perceptually segregated signals. Separate streams can then be represented by different neuronal populations (Bee and Klump 2004; Fishman et al. 2001 Fishman et al. , 2004 Gutschalk et al. 2007) . In the present physiological study, using the same ABAparadigm as in psychophysical studies we demonstrate that harmonic complex sounds with identical amplitude spectra and different phase relation between their frequency components that can be perceived as segregated streams (Roberts et al. 2002; Stainsby et al. 2004 ) are represented by different neuronal populations in the European starling forebrain. Our results show that stimuli with phase cues allowing the perceptual segregation into different streams by human subjects result in different rate responses and temporal responses in starling auditory forebrain neurons as is expected by a neural correlate of the psychophysical observations.
The relative rate responses in individual recording sites to the harmonic complex sounds with different phase relations differed qualitatively in a way predicted by the psychophysical observations. Stimuli with R-phase harmonics on average evoked the largest number of spikes, fewer spikes were elicited by A-phase harmonic stimuli, and both types of stimuli evoked stronger average responses than C-phase harmonic stimuli. This also holds for the 400% TRT condition providing evidence for the strength of the response elicited by the different phase stimuli when well separated from other sounds. This rank order in the differences is also found in the psychophysical results that stream segregation is stronger between R-and C-phase harmonic stimuli than between A-and C-phase harmonic stimuli (Roberts et al. 2002) . The correlate between differences in response strength to stimuli differing in phase relation and stream segregation suggested here implies that the observed differences in the response to stimuli with different phase relations are sufficiently large to allow that the stimuli being segregated into separate streams may be represented by separate populations of neurons. It has been suggested that the difference in the rate response to C-and R-phase stimuli is due to different compression of these stimuli in the auditory periphery. Stainsby et al. (2004) proposed that the peaky waveform of the C-phase harmonic stimulus results in more compression and therefore less excitation than observed for the R-phase harmonic stimulus. Analyzing forward masking by complex tones with C-, A-, and R-phase relations between harmonics, they suggested that the differences in compression result in differences in peripheral excitation leading to stream FIG. 11. Frequency distribution of the types of individual recording sites that were classified according to a change of the peak-to-background ratio of the AOISI response at the period corresponding to f0. The shading of the section of the column indicates the occurrence of a change by Ͼ10% and the direction of the change (, increase; , decrease; □, no change). *, a significant deviation of increases and decreases of the response from a 1:1 ratio. Frequency distributions in each column are based on 16, 28, and 25 recording sites categorized as Low, Mid, or High CF, respectively. segregation. Stainsby et al. (2004) found no evidence for different excitation by A-and C-phase harmonic complexes, concluding that streaming in CAC-triplets may be based on temporal mechanisms, whereas streaming in CRC-triplets may be related both to rate mechanisms (i.e., analyzing excitation) and to temporal mechanisms. Our physiological results on rate differences, however, are consistent with the hypothesis that differences in rate (i.e., in levels of "central" excitation) can explain the difference in the strength of streaming observed psychophysically for both the CAC-and the CRC-triplets (Roberts et al. 2002) . Because previous studies suggest that starlings and humans experience similar peripheral frequency selectivity and compression (Bee et al. 2007; , at least the observed differences for CRC-triplets may be explained by the starlings' cochlear response. Furthermore, the distribution of the differences in the rate response for C-, A-, and R-phase harmonic stimuli across recording sites (Fig. 6) suggests that not only differences in peripheral excitation play a role, and some recording sites in the forebrain may respond more strongly to stimuli providing less peripheral excitation (i.e., respond more to C-phase harmonic stimuli than to A-or R-phase harmonic stimuli). This indicates that there may be populations of neurons in the starling forebrain that respond maximally to harmonic complexes with a specific phase relation between components. We found both recording sites that responded with a higher rate (Fig. 6 ) to R-phase stimuli than to C-phase stimuli and vice versa, although the latter difference was not frequently observed. A similar pattern was found in the rate response comparing A-and C-phase stimuli. With respect to the temporal response measure (Fig.  11 ), similar differences in the synchrony of the response comparing R-with C-phase and A-with C-phase stimuli were observed. Regarding the temporal response measure, however, the size of the different populations of recording sites showing the one or the other preferred response (i.e., a higher regularity with respect to f0) were more balanced than in case of the rate responses.
In their study of streaming of harmonic complex stimuli by phase relation, Roberts et al. (2002) compared the percept within two different pass-band ranges, 1,250 -2,500 Hz (Lband) and 2,500 -5,000 Hz (H-band), all of which comprised only unresolved harmonics at the f0 of 100 Hz (see Shackleton and Carlyon 1994) . They reported a significant effect of passband range on the strength of stream segregation. L-band stimuli evoked little stream segregation in CAC-and CRCtriplets, whereas H-band stimuli evoked strong stream segregation in CRC-triplets and some stream segregation in CACtriplets. This pattern in the psychophysical experiment is matched by the physiological data. Low CF recording sites showed no significant differences between rate responses to the harmonic stimuli with different phase relations. The rate differences in response to the stimuli differing in phase relation were significantly enhanced in the Mid and High CF recording sites. When the rate responses to various harmonic stimuli with different phase relations in individual recording sites are compared, a greater number of recording sites in the high CF category showed preferred responses to one of the three stimulus types compared with the Low CF category in which majority of the recording sites showed no phase selectivity (Fig. 6) .
Relative rate responses to C-phase harmonic stimuli and the stimuli with other phase relations between harmonics were significantly different in all f0 conditions. The size of the difference (i.e., a large difference between C-and R-phase responses, and a small difference between C-and A-phase responses) corresponds well with the psychophysical observation by Roberts et al. (2002) , who used triplets with f0 ϭ 100 Hz. From our physiological data, we would predict that the strength of the streaming percept is reduced for triplets with an f0 ϭ 200 or 400 Hz.
To evaluate whether the phase differences in the starling forebrain are represented better by the neuronal temporal response pattern than by the relative rate response, we conducted analyses using the peak-to-background ratios (Cariani and Delgutte 1996a,b) observed for the different phase harmonic stimuli and compare its outcome to the results from the analysis of the rate response. Similar to the results obtained with the rate analysis, the analysis of the temporal response pattern to the second sound in the triplet revealed highly significant differences between responses to the different phase harmonic stimuli and large effect sizes. This indicates that temporal response patterns also may be suitable to differentiate between the different phase harmonic stimuli and thus may form the basis of streaming. If we compare the results of all main effects in the relative rate and the peak-to-background ratio analysis, the most prominent difference is found for f0. While f0 had only a small effect on the relative rate response, a large effect on the peak-to-background ratio was observed. The large effect size of f0 observed for the temporal measure suggests that temporal encoding may be compromised at the higher fundamentals whereas the rate response is not so much affected. The temporal response to the most peaky stimulus type, the C-phase harmonic stimulus, especially differs between the different fundamentals (Fig. 9) , indicating the importance of a distinct temporal structure of the stimulus for this response measure. Regarding the rate response the observed pattern is quite different. Here the largest effect of f0 is found for the R-phase stimulus that presumably provides the most excitation in the cochlea since it experiences the least compression of all three stimulus types. Similar to the rate analysis, also the temporal analysis revealed a large effect of the neurons' CF. Especially at an f0 of 100 Hz, the temporal response measure for Low CF neurons did not differ between the different phase harmonic stimuli, whereas in the Mid and High CF neurons, the temporal response measure allowed to distinguish between the stimuli with different phase relation. This pattern is consistent with the observation by Palmer and Winter (1992) in auditory-nerve fibers that at low frequencies, the temporal response is affected both by the harmonic that is close to the fiber's CF and by f0, whereas at high frequencies only the f0 dominates the temporal response. The large effect size of TRT for both the rate and the temporal response measure indicates that suppression may affect the overall response in the ABA-paradigm (e.g., Bee and Klump 2005) , but the lacking of a significant interaction between TRT and phase in the rate response suggests that suppression does not sharpen this response difference. This is consistent with our observation on human subjects that at both TRTs segregated streams can be perceived with the stimuli presented in the current study (S. Günther, L.-V. Dolležal, N. Itatani, and G. M. Klump, unpublished observation). If we compare the effect size of the phase relation between the harmonics on both the relative rate response and the peak-to-background ratio, we find that the rate response is affected more by the phase difference than the temporal response (cf. Tables 1 vs. 2). This may indicate that the rate response is suited better for differentiating between the signals represented in separate streams. At present, however, we cannot decide which of the two response measures provides a better explanation of streaming. Studying the psychophysics of streaming by phase relation using a wide range of fundamentals and different TRTs may allow evaluating the importance of the different neuronal response measures.
A C K N O W L E D G M E N T S
We thank the anonymous reviewers and C. Micheyl for giving helpful comments on the earlier versions of the manuscript and T. Bockhorst for measuring the acoustic signals to check the phase relation of the acoustic stimuli. 
D I S C L O S U R E S
The authors declare to have no conflict of interest with respect to the work presented here.
